BACKGROUND: the performances of compression and stapled devices were compared previously in porcine colorectal anastomosis. the compression anastomosis was associated with elevated bursting strength and anastomotic patency in this model as compared with the stapled anastomosis.
s urgical procedures that entail partial or total transection of the digestive tract evoke considerable physiological, morphological, functional, and metabolic changes in the adjacent intestinal tissue.
1-3 the healing process initiated by short-term, full-thickness injury to the intestines mimics healing of dermal wounds and involves a complex, dynamic, highly regulated series of events that include 3 well-defined and somewhat overlapping phases: hemostasis and inflammation (0-3 days), proliferation (3-14 days), and remodeling and scar maturation (day 15 and onward). 1, 4 Colorectal anastomosis is created with either mechanical staplers or 1 or more layers of sutures. 3, 5 an inflammatory response occurs, characterized by a foreign body granulomatous reaction at the site of the anastomosis. this phenomenon is associated with a lingering release of profibrotic chemokines that may result in stricture formation. [6] [7] [8] Compression anastomosis has been practiced using a variety of devices during the last 150 years. 9, 10 During the past decade, compression devices containing superelastic materials have been applied in colorectal anastomosis as temporary support measures to the bowel tissues.
9-13 these devices elicit a simultaneous process of pressure necrosis and repair at the anastomotic site. the entrapped bowel in the compression device develops significant ischemia, tissue necrosis, and sloughing of the inner compressed tissue and device into the fecal stream. the outer circumferential bowel tissues heal. 9, 11, 13 Recent reports in both animal [14] [15] [16] and human [17] [18] [19] [20] [21] studies have suggested that the compression devices safely and efficiently facilitate the intestinal anastomosis.
We have previously compared the performances of compression and stapled devices in a porcine colorectal anastomosis model. 16 the compression anastomosis in this model was associated with elevated bursting strength and wider anastomotic patency as compared with the stapled anastomosis. 16 this superiority was maintained even after chemoradiotherapy. 22 in the present study, we aimed to compare the histopathologic features between compression and stapled methods during healing of the colorectal anastomosis of the above-described porcine model.
MATERIAL AND METHODS
Experimental Design a total of 50 pigs underwent laparotomy and rectal transection, 20 cm from the anal verge, with immediate end-to-end anastomosis. the anastomosis was created using either compression (ColonRing 27-mm; novoGi; fig. 1 
FIGURE 1.
A schematic illustration of the compression device for end-to-end colorectal anastomosis. The compression device has a detachable anvil that is sewn into the proximal bowel with a pursestring suture and a handheld base that is inserted into the rectum. A pin is deployed through the stapled rectal stump by rotating a turnstile on the handle of the base, and the anvil and pin are subsequently joined and apposed as the turnstile in the handle is turned clockwise to close the gap. The compression device uses a metal ring containing shape-memory alloy of nickel and titanium (nitinol) springs, which are temperature dependent, and metal arrow-headed barbs that are circumferentially placed and longitudinally oriented. The ring is released from the base of the instrument to capture the tissue being joined together inside a plastic outer ring into which both the proximal and the distal cuffs are pulled as the turnstile is closed and cuts a central donut out of the ends of the bowel when the device is fired. The cut ends of bowel are held together within this ring of nickel-titanium as the plastic outer ring is released.
stapling (CDH 29-mm, Ethicon, Johnson & Johnson; Cincinnati, oh) devices in a randomized design, as detailed previously elsewhere. 16 all of the animals were euthanized at time 0 (n = 2) and at days 3, 7, 30, and 90 postoperatively (n = 5-6 per group), and the anastomosis was removed. Anastomotic index and internal circumference (≥7-day survival groups), burst pressure, and desmosine content were measured in these anastomotic sections. these outcome measures were reported previously by Chun et al. 16 the biopsies were then compared for histopathologic parameters associated with wound healing using image analysis morphometry and histologic architecture assessments.
Hypothesis the use of compression anastomosis is associated with less disruption of the bowel wall and, therefore, the healing process proceeds with less inflammation and fibrosis compared with stapled anastomosis.
Animals and Surgical
Technique a total of fifty 3-month-old female domestic crossbred pigs, weighing 32 to 48 kg, underwent the following surgical procedure at the Department of surgery, section of Colon and Rectal Surgery, Washington University School of Medicine, under the supervision of J.W.F. These studies were approved by the Washington University Animal studies Committee and Department of Comparative medicine. Before surgery, each animal was allowed to acclimate for ≥3 days. forty-eight hours before surgery, bowel preparation with 0.5 gallons of nulytely (Braintree laboratories, inc, Braintree, ma) and 1.0 gallon of electrolyte-rich liquid 3 times daily was undertaken. on the day of surgery, food was withdrawn and the animals were allowed only water.
Concomitant with the induction of anesthesia, an intramuscular single dose of prophylactic antibiotics (cefazolin, 20 mg/kg) was administered to all of the animals. all of the surgeries were open and performed under general anesthesia under the supervision of a licensed veterinary technician. the surgical procedure has been described previously. [14] [15] [16] Briefly, through a 6-cm midline laparotomy, the proximal rectum was transected at 20 cm from the anal verge using a linear cutting 75-mm normal tissue thickness stapler without disruption of the blood supply from the mesentery and without rectal mobilization. The proximal staple line was excised using Metzenbaum scissors, and a full-thickness pursestring suture was then placed in the proximal rectum using 2-0 monofilament nonabsorbable synthetic suture to secure the anvil of the circular stapling or compression device according to the randomized assignment. an assistant then introduced the base of the device into the rectum and deployed the pin through the center of the rectal stump. the anvil and pin were joined, taking care to avoid any twisting of the rectum. after the 2 segments of bowel were fully apposed, the surgeon ensured that no extraneous rectal tissue had been inadvertently pulled into the anastomosis. the device was then fired, the base was removed, and the integrity of the donuts was assessed to ensure full-thickness tissue presence and concentricity. the anastomosis was not leak tested, and no irrigation of the abdomen or wound was performed. The incision edges were then approximated by placing interrupted and continuous 0-Prolene sutures (ethicon, Cincinnati, oh) into the fascia and subcutaneous layers and then stapling the skin edges.
Histopathology
Sample Preparation at the indicated time points, all of the animals were given pentobarbital for euthanasia. subsequently, each pig rectum was excised, and all of the anastomoses were entirely fixed in 10% formalin for 1 month. Compression devices in rectal biopsies that were retained in tissues were removed by disconnecting the metal and plastic rings using a custom-designed device (novoGi). the line of each anastomosis was then sampled in 3 to 4 different equidistant longitudinal sections so that the sections were perpendicular to the anastomotic scar. the sections underwent routine histologic processing (dehydration, paraffin impregnation, and embedding). Paraffin sections (4-5 μm) were stained with hematoxylin and eosin (h&e) and with a trichrome stain (masson's trichrome). each block and slide was assigned a nondescriptive label to avoid pathologist bias at the time of examination. Correlation between block/slide label and tissue source was kept in a database censored to the examining pathologist.
Foreign Body Reaction the anastomotic area in the coded h&e sections was then assessed for any foreign body reaction by a single veterinary pathologist (a-m.B-a.), under light microscopy using a microscope (olympus BX40, olympus, Center Valley, Pa) equipped with a digital camera (olympus DP21). the foreign body reaction score in the biopsies was graded according to the presence of microgranulomas, macrophages, or giant cells surrounding the foreign body (ie, suture material, staples, or plant material), using a semiquantitative grading system: 1) none = 0; 2) minimal = 1; 3) mild = 2; 4) moderate = 3; and 5) marked = 4.
22
Anastomotic Line Measurements the anastomotic line in the compression and stapled anastomoses was measured in the coded h&e sections at the level of the submucosa/tunica muscularis by a-m.B-a. with a light microscope and calibrated reticle. Data are reported in millimeters.
Assessment of Inflammation a morphometric approach was undertaken to semiquantify the degree of inflammatory cell infiltration in the porcine rectal walls. A single expert gastrointestinal pathologist (m.B.) blinded to the treatments and the times of tissue harvest analyzed all of the tissues. the type and number of inflammatory cells (neutrophils, lymphocytes, and macrophages) were assessed on 5 to 7 h&e-stained, randomly selected high-power fields (×4000), which were captured using a Q imaging camera under an olympus Bh-2 microscope. images were then imported into an image analyzer (metamorph imaging system, universal imaging Corporation, West Chester, PA).
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Scarring Area Analysis the relative content of connective tissue, which was stained with a trichrome, in these porcine anastomoses was estimated by m.B. using morphometric analysis and metamorph software. the absolute and relative areas of fibrous tissue replacement were calculated in microns with the aid of the trichrome stain (fibrous tissue, blue; smooth muscle, red). images for this assessment were obtained at scanning magnification (×200). Color threshold levels within the software program were set to isolate the cellular staining, as well as the blue staining regions, and to calculate the area of that region within the zone of the anastomosis.
Data Analysis statistical analyses were performed using sPss version 17.0 statistical software (sPss inc, Chicago, il) and were 2 tailed. a value of p < 0.05 indicated statistical significance. Group data were expressed as mean ± SE. the effect of the surgical device on the wound healing course as measured in the histological parameters was assessed using a standard univariate anoVa with the time points as the within-subject factor and the device type as the between-subject factor. subsequently, the differences between groups were identified with post hoc testing using the tukey-Kramer multiple comparison procedure.
Pearson correlation was used to analyze the correlations between the anastomotic macroscopic and microscopic outcome measures.
RESULTS

Animal Findings
Both devices properly functioned without misfiring or malfunction. all but 1 animal survived the operation and postoperative period until they were euthanized. the single death recorded in this study occurred in the stapled anastomosis group shortly postsurgery for a nondevice-and nonsurgical-related cause early extubation (trauma). The compression devices were passed spontaneously with the stool in all of the animals within a week from surgery. intraabdominal examination at the time of euthanasia showed no signs of leakage or dehiscence, peritonitis, or any other lesions in the surviving animals. the stapled anastomosis had a higher incidence of surround adhesions. figure 2 shows a scanning magnification view of the wound healing area along the continuum of different time points. at the early healing phase (PoD 3), it was apparent that the area of mucosal disruption was larger in the stapled versus the compression technique. for both procedures, hemorrhage and infiltration of the wall by inflammatory elements were noted. Within a week of surgery (PoD 7), the wound area in the compression anastomosis group was replaced by a loose connective tissue indicating the transition into the proliferative phase of wound healing. in addition, advanced signs of re-epithelialization were apparent on the mucosal surface where the ends of the new epithelium were approximating. In contrast, the wall of the rectum in the stapled anastomosis group was disorganized with disruption that extended into the serosa, and a large area of ulceration was present on the luminal surface with little evidence of re-epithelialization. at the later healing phases (1 and 3 months postsurgery) the most notable findings were related to the restored epithelial surface and the decreased area of fibrous replacement when comparing the compression anastomosis technique with the stapled one.
Microscopic View of the Anastomotic Healing
Foreign Body Reaction the presence of prominent, full-thickness, granulomatous foreign body reaction characterized the sections obtained from the stapled samples, whereas it was minimal in the compressed group. the score of the foreign body reaction of the stapled group significantly differed (p < 0.001) from that of the compression group across the wound-healing period ( fig. 3 ). more specifically, the foreign body reaction grade of the stapled group on PoD 7 ranged between mild (2) and modest (3), whereas the compression group grade ranged between low (0) and minimal (1; p < 0.001). furthermore, in the compression group, the foreign body reaction grade decreased to minimal in 75% of samples by 90 days, whereas there was only limited change in this score (15%) to mild in the stapled group (p < 0.001).
Anastomotic Line the connective tissue deposition was measured in the h&e sections for both groups commencing on PoD 7 ( fig. 4a) . the anastomotic line measurements (but not the diameter) significantly decreased (p = 0.001) in both the stapled and compression anastomoses during the healing period. this trend appeared to be faster in the compression group, but the interaction between the time from surgery and the surgical technique did not reach significance (p = 0.093). however, the mean anastomotic line in the compression Time from surgery (day) FIGURE 4. Anastomotic tissue granulation and repair after construction of end-to-end compression or stapled anastomosis. Young female crossbred pigs underwent transection of the rectum followed by compression ( ) or stapled (□) anastomosis. A, Anastomotic line closure during the healing period was measured in triplicate or quadruplicate using the hematoxylin and eosin-stained sections (mean ± SE; n = 5-6). Data show narrowing of the anastomotic line during the follow-up period in both groups, albeit to a larger extent in the compression group. In the latter group, the line appeared to be flat and without detectable overgrowing scar tissue. A, Thickness (in millimeters) of anastomotic line at each time point for compression ( ) or stapled (□) anastomosis. Histogram bars represent mean ± SEM of 3 or 4 sections (from each quadrant of the anastomosis) from 5 or 6 anastomoses. B, Morphometric analysis of the granulation in the anastomotic area (mean ± SE; n = 4-6) revealing consistent fibroconnective deposition in the stapled anastomotic areas and decreased scarring area in the compression group over the healing period. Area (μ 2 × 10 6 ) of granulation in the anastomotic line at each time point for compression ( ) or stapled (□) anastomosis. Histogram bars represent mean ± SEM of 3 to 4 sections from each quadrant of the anastomosis from 4 to 6 anastomoses.
3-month survival group was <0.8 mm (23% from POD 7), whereas in the 3-month stapled group it averaged 1.86 mm (70% from POD 7; p = 0.003). interestingly, the anastomotic line measurements were shown to inversely correlate (Pearson r = -0.51; p = 0.004) with the anastomotic internal circumference. no further significant correlations were calculated between the macroscopic and the microscopic parameters.
Scarring Area in Rectal Anastomoses
semiquantitative morphometry of the fibroconnective tissue deposition in the anastomotic area, using masson's stained sections, showed significant differences between the tested groups at all of the time points and between the types of anastomosis (p = 0.041). the increase in the mean scar tissue formation in the stapled group was shown to be 132%, 143%, 146% on POD 7, 30, and 90 compared with the scar area on PoD 3. in the compression group, the connective tissues on POD 90 were only 40% of the mean granulation area on PoD 3. in fact, the measured granulation area in the compression group on PoD 90 was markedly lower (p = 0.016) compared with the PoD 90 granulation area in the stapled anastomosis ( fig. 4B ). 
Inflammation Analysis in the Anastomotic
DISCUSSION
in the present study, we compared the histopathologic process of colorectal wall repair between compression and circular stapler anastomosis in a porcine model. anastomotic line healing progressed faster with less granulation formation and more normal final morphology in the bowel wall with the compression anastomosis.
an ideal anastomotic technique should provide enough strength to avoid leakage at the time of maximal tissue weakness with minimal induction of tissue fibrosis that could result in the formation of subsequent strictures. staples and sutures remain in the anastomotic area long after they are required to provide tissue support, possibly eliciting a lingering state of inflammation with release of profibrotic chemokines (transforming growth factor-β, platelet-derived growth factor, etc) that would induce an increased production of fibrous tissue. in the current study we found that stapled anastomosis was associated with higher overall numbers of inflammatory cells as compared with the compression group. significantly higher levels were seen at the later stages of the healing phases (ie, 1 and 3 months from the procedure). indeed, the foreign body reaction was graded in the stapled tissues as mild to moderate across the entire wound healing process. Conversely, in the compression anastomosis group, in which the compression device spontaneously passed with the stools within a week of the procedure, the foreign body reactions, as well as the inflammatory processes, were negligible later in the timeline. the early high polymorphonuclear lymphocyte infiltration in the compression group may reflect the ischemic portion of the compression technique ( fig. 2) . the arrival of fibroblasts at the wound site signals the onset of the proliferative phase, which typically extends up to PoD 21. 24, 25 fibroblasts will replace the provisional fragile granulation tissue matrix, established through the inflammatory phase, with collagen-rich connective tissue. 6, 26 in our study, morphometric assessment of the connective tissue content within the anastomotic scar demonstrated significant differences between the stapled and compression groups, mostly reflected by a decrease in the relative and absolute amounts of fibrous tissue in the latter group. in the compression group, the measured area of fibrotic scar decreased from PoD 7 with a minimal amount of fibrosis at PoD 90, whereas no significant change was noted in the stapled group over that period. likewise, in the compression group, the measured anastomotic closing line was shown to contract between PoD 7 and PoD 90. no such effect was recorded in the stapled anastomosis group. in fact, the anastomotic closing line was comparable between PoD 30 and PoD 90 in the stapled group. the anastomotic line measurements of both groups were shown to inversely correlate with the previously published anastomosis internal circumference. 16 it was also shown previously in this animal cohort that the compression anastomosis had a greater internal circumference and anastomotic index at 1 week and 3 months in comparison with the stapled anastomosis. 16 the clinical significance of such a correlation between structural macroscopic and microscopic findings is unclear but could conceivably lead to a decreased long-term risk of narrowing and structuring with compression compared with stapled anastomosis.
the reported incidence of colorectal anastomotic strictures varies from 3% to 38%. [27] [28] [29] [30] [31] the outcome of such stenosis (ie, narrowing <1 cm) could be addressed generally by dilation or endoscopic alternatives. 21, 27, 28 nonetheless, surgical interventions may be required in ≤28% of patients, which in turn may result in a permanent colostomy. 27 Previous comparison of stapled versus handsewn anastomosis has shown comparable outcomes between these techniques, with strictures more common in the stapled than in the hand-sewn groups. 29, 31 Clinical experience with compression devices in colorectal anastomoses is still early; however, several reports of seamless scars in colorectal compression anastomosis 2 to 3 months after surgery 18, 20, 21, 32 and stricture rates of <10% have been reported in the literature. 17, 18, 20, 21, 32, 33 CONCLUSION our current observations in a porcine model suggest that compression anastomosis speeds the epithelialization of the anastomosis, reduces the local long-term inflammatory process, and results in a minimal induction of foreign body reaction as compared with stapled anastomosis. in addition, the scarring area and the anastomotic line in the stapled anastomosis increased during the healing process, because the compression scar diminished by 3 months postsurgery. additional studies in humans are needed to ascertain whether these improvements in healing translate into reduction in the incidence and/or severity of long-term stricture formation.
